Genetic studies on spontaneous mouse mutants with hearing defects have provided important insights into the function of genes expressed in inner ear hair cells. Here we report on our genetic analyses of the deaf mutants varitint-waddler (Va) and jerker (Espn je ). A high-resolution genetic map localizes Va J to a 0.14 ± 0.08 cM region between D3Mit85 and D3Mit259 on distal chromosome 3. By comparative mapping, the human ortholog resides at 1p22.3 between markers D1S3449 and D1S2252. To study the effect of different genetic backgrounds on the hearing phenotype, Espn je and Va J were crossed to various inbred strains. Auditory-evoked brainstem response tests on F2 progeny demonstrate that expression, inheritance, and penetrance of the hearing phenotype are solely controlled by the mutant allele. To test for a genetic interaction between Espn je and Cdh23 v , auditory function was analyzed in double heterozygotes; no significant increases of thresholds of sound pressure levels were observed. The results establish the framework for cloning the Va gene and provide valuable insights into the genetics of deafness mutations in the mouse.
INTRODUCTION
Genetic characteristics of traits such as penetrance, inheritance, and expressivity are often coregulated (modified) by alleles segregating in the background strain (for review see Nadeau 2001) . In the mouse, deafness is generally inherited as a single, autosomal, Mendelian trait with only very little variation in penetrance and expressivity. However, a few cases of multifactorial inheritance were reported in which the presence of a second genetic factor has a modifying effect on penetrance and inheritance of the disease allele (Ikeda et al. 1999; Johnson et al. 2001 , Ng et al. 2001 Noben-Trauth et al. 1997) . For instance, the dominant allele of modifier-of-tubby-hearing 1 (moth1), segregating in AKR/J, rescues hearing loss in a significant fraction of tubby homozygotes (Ikeda et al. 1999) . Recently, nonsynonymous sequence polymorphisms in the microtubule-associated protein 1a gene (Mtap1a) were associated with moth1 supporting previous evidence that tubby plays a role at synapses (Ikeda et al. 2002) . The molecular mechanisms underlying genetic modification are currently not well understood, but further studies will undoubtedly show how modifiers exert their effects on the mutant allele. In addition, identifying and studying the mechanisms of modifiers may also help understand the genetic complexity of age-related, noise-induced, or aminoglycoside-induced hearing loss.
Varitint-waddler (Va) and jerker (je, Espn je ) are two spontaneous mutations exhibiting defects in the sensory epithelium of the organ of Corti and vestibule leading to deafness and circling behavior. Va is a semidominant mutation and arose in a cross between (C57black/C57brown)F1 and C57black (Cloudman and Bunker 1945) . Va homozygotes and heterozy-gotes are deaf, circle, and express a variegated and dilute coat color. A second allele, Va J , arose in a cross segregating for Va and exhibits a less severe phenotype (Lane 1969 (Lane , 1972 . Va J homozygotes and heterozygotes show normal vestibular behavior, are less variegated, but are both deaf. Light-microscopic, electrophysiological, and ultrastructural studies of the inner ear of Va and Va J identified defects in organ of Corti and stria vascularis (Cable and Steel 1998; Deol 1954) . Correlating with the coat color phenotype, cochlea physiology and morphology are more pronounced in homozygotes.
Jerker is a recessive mutation which was first recognized by a mouse fancier in 1938 and later described by Grü neberg as a ''dancing adult female mouse'' showing erratic circling behavior, jerking head movements, hyperactivity, and deafness (Grü neberg et al. 1941) . Recently, a frame-shift mutation in the Espin gene (Espn), encoding an actin bundling protein, was identified as the underlying molecular cause . Espn localizes to stereocilia, suggesting an organizing role during formation of the actin filament network . In homozygotes, auditory-evoked brainstem responses (ABR), compound action potentials, and cochlea microphonics are absent (Sjöstrom and Anniko 1992; Steel and Bock 1983) . Interestingly, although jerker is inherited as recessive allele, heterozygotes develop a late onset ABR threshold shift (Sjöstrom and Anniko 1990) . This partial hearing loss is accompanied by a histopathology similar to defects observed in homozygotes (Sjöstrom and Anniko 1990), which could be the result of a delayed dominant effect of jerker or the result of inheritance modification caused by the genetic background.
Identification and characterization of genes underlying deafness in mice continue to influence our understanding of how hair cells develop and function (for review see Steel and Kros 2001) . Many of these genes are being identified through a genetic approach using spontaneous mouse mutants in combination with genetic mapping and molecular cloning strategies. In this article, we report on the first step towards cloning the Va locus and on our results from a systematic screen for Va and Espn je modifier genes.
METHODS AND MATERIALS

Mice and crosses
All mouse strains were obtained from The Jackson Laboratory, Bar Harbor, ME. Animal care and use was in accordance with NIH guidelines and procedures were approved under animal study protocol 971/97. 
Varitint-waddler crosses
Genotyping by PCR
DNA was isolated from tail biopsies through digestion in 50 mM Tris/Cl, pH 8.0, 100 mM EDTA, pH 8.0, 100 mM NaCl, 1% SDS, and 500 lg proteinase K at 55°C overnight, followed by phenol/chloroform extraction and precipitation in 0.7 vol isopropanol, 0.3 M sodium acetate, pH 4.5. DNA was resuspended in TE, pH 8.5, and adjusted to a concentration of 100 ng/lL. For PCR amplification, 100 ng DNA was mixed in 500 mM KCl, 100 mM Tris/Cl, pH 8.3, 2.5 mM MgCl 2 , 0.2 lM oligonucleotides, 20 lM dNTP (Amersham Pharmacia), and 0.02 U thermostable DNA polymerase. The 10-lL reaction was run through the following program: initial denaturation for 2 min at 95°C, 20 s at 94°C, 20 s at 52°C, 30 s at 72°C for 49 cycles; followed by a 2-min extension at 72°C. For SSLP analyses using MIT markers (Invitrogen), PCR products were separated by electrophoresis in 4% MetaPhor agarose (FMC) and visualized by staining in ethidium bromide. To identify the Cdh23 v-2J allele, PCR products were separated by electrophoresis in 2% agarose, bands were excised, purified (Qiagen), and directly sequenced using BigDye TM terminator chemistry (Applied Biosystems, Foster City, CA) and ABI377 automated sequencer (Applied Biosystems). The jerker mutation (2426delG) abolishes a BsmBI restriction enzyme recognition site. To identify the Espn je allele, we used forward primer Espn-F20, 5¢-GCACCTGCTTTGTGGGAAATC-3¢, and reverse primer Espn-R19, 5¢-GTCTGAAGTAATGGAGTGGT- TGACG-3¢, to amplify a 342 bp product spanning the deletion. Restriction digest with BsmBI cleaves the wild-type allele in a 211-and 131-bp product but leaves the mutant allele uncut. PCR products were precipitated in 1 vol ethanol, 0.2 lL pellet paint (Novagen), resuspended in 10 lL TE, pH 7.5, digested with the appropriate restriction enzyme, and separated on a 12% polyacrylamide gel, followed by staining in ethidium bromide.
Auditory-evoked brainstem response analyses
To test mice for auditory-evoked brainstem response (ABR) thresholds, a computer-aided evoked potential system (Intelligent Hearing System, Miami, FL) was used. The Smart-EP v2.21, modified for high-frequency capability and coupled to high-frequency transducers, was used to generate specific acoustic stimuli and to amplify, measure, and display the evoked brainstem responses of anesthetized mice (concentration = 0.31 mg/g body weight). Subdermal needle electrodes were inserted at the vertex (active), ventrolaterally to the right ear (reference) and the left ear (ground). Specific acoustic stimuli were delivered monoaurally through 3-cm plastic tube channels from the high-frequency transducers. Mice were tested with click stimuli and also with 8-, 16-, and 32-kHz puretone pips at varying intensity from 100 dB sound pressure levels (SPL) to 10 dB SPL. Acoustic stimuli were presented at 19.1 times per second. ABR thresholds were determined for each stimulus frequency by identifying the lowest intensity producing a reproducible ABR pattern on the computer screen (at least two consistent peaks). Mice were kept on a heating pad in the soundproof chamber during testing. Samples of CBA/CaJ mice were tested periodically as reference for normal hearing. 
RESULTS AND DISCUSSION
were established which produced 445 and 618 F2 progeny, respectively. Initially, these 2126 meioses were genotyped with SSLP markers D3Mit320 and D3Mit200, which identified 124 meiotic recombinations. To map Va J more precisely, these recombinants were further analyzed with four intervening SSLP markers (Fig. 1) . Markers D3Mit260 and D3Mit85 are recombinant with Va J and define the proximal end of the interval with a recombination frequency of 2/2126 (0.09 ± 0.07 cM). On the distal end, D3Mit259 recombines with Va J with a frequency of 1/2126 (0.05 cM). Therefore, Va J localizes to a 0.14 ± 0.08-cM minimal region at distal chromosome 3 (Fig. 1) . Given an estimated size of the mouse genome of 1400 cM (Copeland et al. 1993 ) and a physical distance of 2.7 · 10 9 bp (www.ensembl.org), the critical interval spans a calculated distance of approximately 270 kb. The insert size of the RPCl-23 bacterial artificial chromosome library averages 197 kb (Osoegawa et al. 2000) . Thus, the 2000-meioses Va J cross provides the resolution to delineate the critical interval to not more than two overlapping BAC clones containing approximately one to three genes. These estimates are in good agreement with distances observed in previous genetic and physical maps involving loci on different chromosomes (Bryda et al. 2001) .
With the goal of identifying potential disease homologs in humans, the Va interval was linked to the human physical map. To develop genetic markers, genes located near Va J were analyzed for polymorphisms. On the 5¢-untranslated region (UTR) of the Prkacb gene encoding the beta-catalytic subunit of the cAMP-dependent protein kinase (NP_035230), a sequence length polymorphism between the C57BL/6J strain and the wild-derived parental strains CAST/Ei and CZECHII/Ei was identified. Typing the panel of recombinants with this marker placed Prkacb 0.32 cM distal to Va J (Fig. 1) . On the human map, PRKACB is found on 1p22.3 (Lander et al. 2001 ). On the composite mouse linkage map, the gene encoding Cysteine-rich-protein 61 (Cyr61, formerly Igfbp10) is concordant with D3Mit113 and D3Mit85 (MGD 2002 (Liu et al. 1997; Weil et al. 1995) . In a recent report, Va was discussed as a candidate gene for the missing gene in the DFNA2 locus (Goldstein and Lalwani 2002) . However, markers D1S255 and D1S2713, which determine the DFNA2 critical interval in this family, map approximately 50 Mb telomeric to the predicted human homolog of Va.
Varitint-waddler modifier screen
Va J heterozygotes express a slightly dilute coat color, a small white ventral spot, and sometimes a white forehead patch. Va J homozygotes are almost entirely variegated on both the ventral and the dorsal side (Lane 1972). Coat color in Va heterozygotes is more dilute with an entirely white ventral side and a large white forehead spot (Fig. 2) . The phenotypic baseline was established through ABR measurements. At two weeks of age, Va J heterozygotes responded to the 8-and 16-kHz stimuli only at sound pressure levels (SPL) of 88 ± 2 dB SPL (n = 12) and 94 ± 1 dB SPL (n = 12), respectively. Va heterozygotes returned positive waveforms to a 8-kHz stimulus at intensities of 98 ± 2 dB SPL (n = 9). Only one of five tested Va The ABR data are in agreement with the report by Cable and Steel, who obtained similar results using compound-action-potential (CAP) and summation potential (SP) measurements (Cable and Steel 1998) .
To identify possible genetic background effects on the hearing phenotype, we crossed Va J onto A/J, C3HeB/FeJ, DBA/2J, BALB/cByJ, CZECHII/Ei, and C57BL/6J. Some of these strains were chosen because they were recently shown to express early-and lateonset hearing loss and to segregate an age-related hearing loss allele (ahl) (Johnson et al. 2000; Zheng et al. 1999) . We expected modifying alleles to sensitize heterozygotes, suppress the phenotype in homozygotes, and/or cause pleiotropic effects. To select for profound and robust effects, we screened 12-weekold animals. Randomly selected F2 progeny were ABR tested at 12 weeks of age. No discernible differences in degree of hearing loss were found among F2 intercrosses (Table 1) . However, a marked reduction of Va J /Va J homozygotes in the F2 progeny of the C57BL/6J · Va J intercross was observed. After six backcross generations (N6), we intercrossed +/Va J heterozygotes. Out of 180 N6F2 progeny, only 8% were homozygotes, 34% were wild type, and 58% showed a coat color typical for heterozygotes. The cause of this reduced viability is presumably the result of an embryonic lethal effect of the C57BL/6J background that certainly relates to the perinatal mortality observed in Va/Va homozygotes. The coat color phenotype argues that Va is expressed in melanocytes and therefore Va might also affect other neural crest derivatives, which are vital for proper embryonic and fetal development.
Jerker modifier screen
Five-to six-week-old je homozygotes show no signs of hearing in auditory-evoked brainstem response tests (data not shown). To search for modifiers, the Espn je allele was placed onto CAST/Ei, CZECHII/Ei, BALB/cByJ, 129/SvJ, A/J, and DBA/2J backgrounds. In an average sample size of 100 F2 progeny per outcross, segregation of the vestibular phenotype did not significantly deviate from the ratio expected for a recessive trait (Table 2) . ABR measurements were carried out on 37-65 randomly selected 12-week-old F2 progeny from each cross. All circling F2 offspring showed an ABR pattern indistinguishable from homozygotes of the JE/Le inbred strain, and all F2 mice with a normal vestibular phenotype also returned normal thresholds (Table 2) . Conversely, all animals with abnormal thresholds displayed the circling behavior. The genetic diversity between the parental strains JE/Le, CAST/Ei, and CZECHII/Ei allowed us to directly correlate phenotype with genotype. All F2 progeny from the JE/CAST-je and JE/CZECH-je intercross with vestibular defects (n = 159 and n = 170, respectively) were homozygous je and vice versa; out of 20 ABR-tested deaf F2 progeny, all were homozygous je and vice versa. In summary, vestibular and auditory phenotypes showed no variation in their expressivity, were coexpressed, and segregated as recessive traits independent of the genetic backgrounds tested. The stereocilia defect in jerker is reminiscent of the stereocilia disorganization observed in Cdh23 v-2J . The actin-bundling activity of Espn and the association of classic cadherins with the actin cytoskeleton suggest a direct and/or indirect interaction between Espn and Cdh23. To test such a possible interaction on the genetic level, we determined hearing function in double heterozygotes (Cdh23 v-2J /Espn je ). All F1 offspring (n = 24) showed normal vestibular behavior and there was no statistically significant difference in the ABR thresholds between Cdh23 v-2J/+ /Espn je/+ and Cdh23 v-2J/+ /Espn +/+ (Table 3) . Part of this study was undertaken to identify possible genetic interactions between mutant and normal alleles segregating in different inbred strains using ABR analyses as phenotypic endpoint. Expression, inheritance, and penetrance of hearing phenotype in je and Va J are controlled by the mutant allele only. However, our data do not rule out modifying effects on levels not differentiated by ABR. These include subtle accelerations or delays in pathology, pleiotropic auditory effects, or effects controlling secondary downstream events. Alternatively, alleles in the selected background strains cause weak, nondetectable effects. Some of these limitations in identifying modifiers might be overcome by performing ''sensitized screens;'' in these assays genetics of a deafness mutation is studied on the background of a randomly mutagenized genome (Balling 2001; Nadeau and Frankel 2000) . This approach has the potential to produce stronger alleles, to allow for selection of pronounced effects, to screen toward saturation, and to increase probability of positively identifying the modifying locus.
CONCLUSIONS
From our study the following conclusions can be made: (1) Va J maps to the distal end of chromosome 3 within a 0.14-cM interval flanked by D3Mit85 and D3Mit259. (2) Comparative mapping localizes the human ortholog of Va to 1p22.3 between markers D1S3449 and D1S2252. (3) Expression, penetrance, and inheritance of je and Va J on different genetic backgrounds are controlled by the mutant allele. (4) Some limitations in identifying and characterizing modifiers might be overcome by performing sensitized screens. 
